A Rip1p deletion strain exhibits a block to mRNA export only at 42ЊC, and Rip1p was originally proposed to exercise a role dedicated to the export of heat shock mRNAs
longer incubation times at 42ЊC, the average distribution has been reported to trim newly synthesized poly(A) tails shifted toward a population with shorter poly(A) tails to a species-specific length (Brown and Sachs, 1998).
( Figures 1A and 1B, lanes 4-7) . This evolution is exHowever, it is unknown whether PAN-dependent deadpected since the RNAs are being exported to the cytoenylation is a nuclear or a cytoplasmic event. Subseplasm and gradually deadenylated and degraded during quent to proper nuclear processing, polyadenylated translation. Surprisingly, the average poly(A) tail length mRNAs are then exported to the cytoplasm, translated, of both transcripts was much greater in the ⌬RIP1 strain. and shortened by cytoplasmic nucleases (Zhao et al., In this case, they appeared with a maximal poly(A) tail 1999). length of ‫061ف‬ nt, with an average distribution clearly Evidence exists linking proper 3Ј-end formation to in favor of the maximal length. Within the time span of the mRNA export (Eckner et al., 1991). In S. cerevisiae, abexperiment, this distribution did not change markedly sence of a polyadenylation signal leads to nuclear reten-( Figures 1A and 1B, lanes 9-15) . Since the PCR part of tion of pol II transcripts (Long et al., 1995). Furthermore, the LM-PAT method favors amplification of the smaller bypassing the cellular cleavage/polyadenylation mafragments (data not shown), a conservative estimate is chinery results in decreased nuclear export of reporter that at least 95% of total polyadenylated HSP104 and transcripts (Huang and Carmichael, 1996) . Thus, it is SSA4 transcripts appear with long poly(A) tails when likely that early steps in mRNA maturation function in export of these transcripts is inhibited in the ⌬RIP1 part to prepare an mRNA for nuclear export. strain. In this paper, we investigate the fate of specific tranWe also performed oligo(dT)/RNaseH-Northern analyscripts in a variety of S. cerevisiae mRNA export sis on SSA4 mRNA from the W303 and ⌬RIP1 strains. mutants. We discover that a block to nuclear export Hybridization was carried out with probes against the leads to dramatic and rapid effects on polyadenylation 3ЈUTR of the SSA4 transcript. To evaluate the size contriand localization of hs mRNAs. Specifically, SSA4 and bution of the poly(A) tails, total RNA samples were incu-HSP104 transcripts are found to be sequestered in transcription spots within the nucleus. Surprisingly, these bated with or without oligo(dT) during the RNaseH treat- ϩ RNA-FISH analysis in ⌬RIP1 at 25ЊC and after temperature shift to 42ЊC for various times as indicated. SSA4 mRNA was visualized using Cy3-labeled oligonuceotides (kd199 and kd200), and poly(A)
ϩ RNA was visualized with Cy3-labeled oligo(dT) 70 . DAPI staining was used to verify the nuclear localization of the SSA4 and poly(A) ϩ RNA signals (data not shown).
we analyzed the localization of HSP104 mRNA under extended poly(A) tails ( Figure 1C ). We therefore conclude that the in situ signal originates from hyperadenylsimilar conditions by fluorescent in situ hybridization (FISH). After a 15 min shift of the ⌬RIP1 strain to 42ЊC, ated SSA4 mRNAs. Thus, most if not all of the SSA4 mRNAs in the nuclear dot in ⌬RIP1 are cleaved and localized nuclear foci were detected that increased in intensity with longer incubation (Figure 2A) . No HSP104 polyadenylated. Fixed ⌬RIP1 cells were also probed with a fluorescent signal was detectable in W303 at 42ЊC or in ⌬RIP1 at 25ЊC, and fluorescently labeled sense oligonucleotides oligo(dT) probe to visualize total poly(A) ϩ RNA. Nuclear accumulation of poly(A) ϩ RNA is extremely fast under did not yield a signal over background when employed in the RNA-FISH procedure (data not shown). We conclude these experimental conditions: a robust nuclear signal is detectable as early as 2 min after the temperature that the signal originates from probes annealing to the We next examined the kinetics by which the SSA4 The Nuclear SSA4 mRNA Signal Is at the Site of Transcription nuclear dot signal appears after a shift to 42ЊC in the ⌬RIP1 strain. The signal is detectable in some cells as To address further the nature of the SSA4 mRNA dot, we performed FISH in a diploid strain deleted for both early as 5 min after the temperature shift, becomes visible in all cells after 15 min, and is very prominent after copies of the RIP1 gene. In this strain, the SSA4-specific probe gives rise to two nuclear dots (Figure 3 , middle 30 and 60 min ( Figure 2B) . Interestingly, the SSA4 FISH signal intensity time course correlates well with the appanel). The SSA4 "double dots" were prominent and present in at least 90% of inspected cells (data not pearance of hyperadenylated SSA4 mRNA in ⌬RIP1 as determined by LM-PAT ( Figure 1B, lanes 9-15) . The shown). We interpret these data to show that the nuclear SSA4 mRNA signal is at or very near the site of SSA4 SSA4 FISH analysis was carried out with the same probes used in the RNaseH/oligo(dT) Northern analysis.
transcription. This idea is substantiated by the fact that the SSA4 mRNA FISH signal is much more disperse in These probes detected exclusively SSA4 mRNA with shown). Examination of the SSA4 mRNA 3Ј ends by LM-PAT showed that all three Rip1p-expressing constructs restored SSA4 poly(A) tail length to that observed in wild type ( Figure 4B and data not shown) .
Finally, we analyzed the ability of the three Rip1p constructs to rescue heat shock protein synthesis at 42ЊC in the ⌬RIP1 strain. As previously noted, high amounts of Rip1p (from RIP1-HI) and the C terminus of Rip1p (from RIP1-0FG) restore heat shock protein synthesis at 42ЊC ( Figure 4C, lanes 5 and 6 and lanes  14 and 15) . Low expression of Rip1p (RIP1-LO) results in a more modest induction of heat shock proteins (Figure 4C, lanes 8 and 9) (Stutz et al., 1997) . The reason for this discrepancy is not clear, although it has been noted that culture density affects the efficiency of heat shock protein synthesis. For that reason, the assays described here were all done under similar experimental conditions.
In conclusion, there is a good correlation between the ability of the different Rip1p-expressing plasmids to rescue the SSA4 mRNA nuclear dot accumulation, cytoplasmic face of the NPC. This suggests that the two intranuclear phenotypes of SSA4 mRNA are not directly Expression of a Truncated Rip1p Protein Devoid of due to a lack of Rip1p in the mRNP formed during or Its FG Repeats Relieves SSA4 mRNA Nuclear Dot shortly after transcription. We therefore tested the genFormation and Results in Poly(A) Tail Shortening erality of the nuclear dot and hyperadenylation phenoWe previously reported that the FG repeat region of types by assaying other temperature-sensitive mutants Rip1p is inessential for hs-mRNA export, since expreswith known defects in mRNA export. When mRNA export sion of the unique C-terminal 66 amino acids of Rip1p mutants mex67-5, rat7-1, and rat8-2 were shifted to 42ЊC restores heat shock protein synthesis in a ⌬RIP1 backand analyzed by FISH, an identical intranuclear SSA4 ground (Stutz et al., 1997) . We therefore examined the dot was readily visible ( Figure 5A ). The SSA4 mRNA was effect of this Rip1p C-terminal fragment (RIP1-0FG) on also analyzed by the LM-PAT assay, and all three strains the SSA4 mRNA nuclear dot and on the long poly(A) tail contained hyperadenylated SSA4 mRNA after incubaphenotypes of the ⌬RIP1 strain. In this analysis, two tion at 42ЊC for either 15 or 60 min ( Figure 5B ). Some other Rip1p expression constructs were also employed. tail lengthening was also observed when the cultures The constructs RIP1-HI and RIP1-LO constitute plasmid were shifted to 37ЊC (most prominent for mex67-5), but versions of two different genomic RIP1 fragments that both nuclear dot formation and poly(A) tail lengthening express high and low levels of Rip1p, respectively (Stutz were generally more robust at 42ЊC ( Figures 5A and 5B  et al., 1997) . and data not shown). This might reflect a more rapid SSA4 mRNA FISH analysis revealed that all three and robust induction of the mutant phenotype at higher Rip1p constructs rescued the nuclear dot accumulation temperatures, or it might be due to physiological differphenotype of the ⌬RIP1 strain at 42ЊC ( Figure 4A , for ences between the two temperatures. Our results show RIP-HI and RIP1-LO compare rows 1-3 and for RIP1-that nuclear dot accumulation and hyperadenylation of 0FG compare rows 4 and 5). The efficiency of RIP1-SSA4 mRNA are a consequence of a general block to LO was less robust, as a low-intensity nuclear dot was observed in a small fraction of these cells (data not nuclear mRNA export. 
A General Poly(A) Tail Lengthening in mRNA
response is required for the observed defects in 3Ј-end formation. We therefore examined the 3Ј-end status of Export Mutants HSP104 and SSA4 are rapidly and robustly induced by endogenous PGK1 mRNA in various mRNA export mutants. a heat shock. It was possible that these heat shock genes are exceptional and that a strong transcriptional At steady state, a high fraction of mRNA is cyto- (A) SSA4 mRNA-FISH analysis in mutant strains mex67-5, rat7-1, and rat8-2. Cells were fixed after growth at 25ЊC or after temperature shift to 42ЊC for 15 or 60 min and analyzed by RNA-FISH using Cy3-labeled SSA4 mRNA-specific probes kd199 and kd200. The intranuclear localization of the SSA4 mRNA signal was confirmed by DAPI staining (data not shown).
(B) LM-PAT analysis of SSA4 mRNA isolated from wild-type W303, mex67-5, rat7-1, and rat8-2 strains using primer kp19. Cells were harvested after growth at 25ЊC or after temperature shift to either 37ЊC or 42ЊC for 15 or 60 min. Estimated sizes of poly(A) tails are given to the right, and migration of a DNA size marker is given on the left.
Figure 6. General Hyperadenylation of Transcripts in mRNA Export Mutants
(A) LM-PAT analysis of PGK1 mRNA isolated from wild-type W303, mex67-5, rat7-1, mtr2-26, gle1-37, and rat8-2 strains as indicated. Cultures were grown as described in Figure 5B . LM-PAT analysis was performed using the PGK1-specific primer thj187 (see supplemental Table 2 at www.molecule.org/cgi/content/full/7/4/887/DC1). (B) Bulk poly(A) tail length determination of RNA isolated from W303, mex67-5, and rat7-1 strains grown at 25ЊC or temperature shifted to plasmic. Therefore, a requirement for a specific nuclear mRNA to be detected in the LM-PAT assay is that its transcription is ongoing. Initial attempts to assay the short-lived TCM1, RPS5, and URA5 transcripts resulted in a loss of signal at 42ЊC, presumably due to transcriptional shutdown and/or changes in mRNA turnover rates (data not shown). In contrast, the abundance of PGK1 mRNA does not change dramatically after a 39ЊC heat shock (Roth et al., 1998) , suggesting that PGK1 transcription continues at elevated temperatures. When assayed by LM-PAT, PGK1 RNA acquired longer poly(A) tails at restrictive temperatures in mRNA export mutants mex67-5, rat7-1, mtr2-26, gle1-37, and rat8-2 ( Figure 6A ). As observed for SSA4 and HSP104 transcripts, the 3Ј-end lengthening of PGK1 mRNA was exacerbated after a shift to 42ЊC as compared to 37ЊC ( Figure 6A, compare, for example, lanes 12 and 13 to  lanes 14 and 15) . This observation indicates that the hyperadenylation phenotype is a general phenomenon and not restricted to hs-mRNAs.
To further determine if the poly(A) tail lengthening is a general phenomenon, we examined the general length distribution of poly(A) tails in mRNA export mutants. This was done by 32 pCp 3Ј-end labeling of total RNA followed Cy3-labeled GAL1 mRNA-specific probes (thj290, thj291, thj292, and 8 and 9 to lanes 4 and 7). A temperature shift to 42ЊC thj293, thj294, and thj295). DAPI staining of cells is also shown. enhanced this phenotype, as poly(A) tail lengthening proceeded to 90-100 nts longer than at the permissive temperature ( Figure 6C ). These observations indicate Discussion that hyperadenylation is a general response to an mRNA export block. Hs-mRNA could still constitute a substanIn this study, we have characterized the 3Ј-end status tial fraction of this more general response. and subcellular localization of specific mRNAs under conditions that block mRNA export. We have used a range of conditional yeast mutants, all of which have GAL1 mRNA Forms a Nuclear Dot in the rat7-1 Strain To investigate the localization of a non-hs-mRNA under been previously shown to have rapid and dramatic mRNA export phenotypes at the restrictive temperature. export mutant conditions, endogenous GAL1 transcripts were analyzed by the RNA-FISH protocol in the We find two general phenotypes associated with the retained mRNAs: (1) they have extended poly(A) tails, rat7-1 strain (probe sequences were kindly provided by P. Chartrand). GAL1 transcription was induced after a and (2) the fluorescent signal detected by transcriptspecific RNA-FISH is localized to a well-defined intra-15 min preincubation of rat7-1 at 37ЊC. In the rat7-1 mutant, GAL1 mRNA forms nuclear dots similar to those nuclear focus. The poly(A) tail lengthening phenotypes are extremely seen for Hsp104 and SSA4 transcripts (Figure 7 , middle row). When galactose was not added to the culture merapid and dramatic when compared to the effects previously observed in mRNA transport mutants (Zhao et dium or when the cells were grown in 2% glucose, the nuclear signal was absent (Figure 7, upper and lower rows, al., 1999 and references therein). For example, mutant alleles of the RanGTPase system, rna1-1 and prp20-1, respectively). This result shows that a non-hs-mRNA is also sequestered in a nuclear dot when mRNA export accumulate bulk poly(A) ϩ RNA in nuclei with poly(A) tails ‫02-51ف‬ nt longer than usual (Forrester et al., 1992) . is inhibited and, thus, suggests some generality of this phenomenon.
Moreover, a comparably modest poly(A) tail lengthening is observed in yeast strains harboring mutations in other and formation of discrete nuclear foci are functionally linked. The signal strength of hyperadenylated SSA4 genes with a less defined role in mRNA export (Zhao et al., 1999) . Poly(A) tails are trimmed in the cytoplasm, mRNA detected by LM-PAT correlates well with the SSA4 mRNA-FISH signal intensity at comparable time and a lack of nuclear export would leave the transcripts with slightly longer 3Ј ends (Forrester et al., 1992) . points ( Figures 1B and 2B) . Furthermore, overexpression of the unique C terminus of Rip1p rescues both It is not apparent why some general mRNA export mutants contain dramatically hyperadenylated trantranscript sequestration and hyperadenylation. However, there is some evidence that extreme hyperadenylascripts, whereas others have more modest effects on 3Ј-end formation. In these experiments, we have only tion might not be required to stall transcripts at transcription sites. For example, we observe more subtle focused on conditional mutants with rapid and robust mRNA export defects. It is possible that the polyadenyleffects on the poly(A) tail length of SSA4 transcripts at 37ЊC, yet they are sequestered in transcription spots ation phenotypes are more severe as a function of the strength of the nuclear mRNA export block. Alterna-( Figure 5 and data not shown). In addition, SSA4 mRNA localizes to a nuclear dot in the rna1-1 strain at 42ЊC, tively, different poly(A) tail lengthening phenotypes could be induced through defects in different cellular yet the poly(A) tail is only extended by 15-20 nt (data not shown). These observations also suggest that transcript events. A related question is whether the presence of hyperadenylated transcripts in the cell reflects a normal sequestration per se does not cause extreme hyperadenylation. This leaves the precise relationship between process. For example, a nuclear export block might trap a hyperadenylated intermediate due to a defect in a transcript sequestration and adenylation effects uncertain. Indeed, we cannot observe an increase in GAL1 nuclear trimming event. However, we detect no hyperadenylation in a wild-type strain even at very short times poly(A) tail length after a shift to 37ЊC in the rat7-1 background (data not shown). Although the fraction of longafter induction ( Figures 1A and 1B) . Thus, if a hyperadenylated species is present at some point in the mRNA tailed transcripts might be below the limit of detection by LM-PAT, this might indicate a dissociation between life cycle, it would have to be extremely short lived.
We believe that the intranuclear SSA4 and HSP104 the dot and long-tail phenotypes for certain genes. Moreover, no hs-mRNA dots can be detected at 42ЊC in mRNA FISH signals coincide with the sites of transcription. The SSA4 mRNA-FISH analysis revealed two ina yeast strain lacking both subunits of the PAN nuclease (⌬PAN2/3) despite a measurable poly(A) tail increase tranuclear dots in a ⌬RIP1 diploid strain. If the SSA4 transcripts were localized to a nuclear substructure un-(data not shown; Brown and Sachs, 1998). This also suggests that PAN does not act at the site of tranrelated to the SSA4 gene locus, it would be unlikely that such a structure would double with a doubling of the scription. In several export mutants, the LM-PAT analysis shows chromosome number. Furthermore, recent data using a stably transfected murine erythroleukemia cell system a considerable amount of hs-mRNA with normal poly(A) tail lengths ( Figure 5B ). Furthermore, the nuclear mRNA revealed that intranuclear foci of the human ␤-globin mRNA colocalized with the template gene locus (Cusexport block in the ⌬RIP1 strain at 42ЊC is incomplete (Vainberg et al., 2000) , indicating that some transcripts todio et al., 1999). In this system, the accumulated transcripts were released by treatment with a transcriptional below the detection limit of RNA-FISH must be released from the transcription site. These observations are coninhibitor. The authors found no evidence for transcript accumulation at other nuclear locations and suggested sistent with results from the Parker laboratory showing that hyperadenylated transcripts are eventually chased that transcripts rapidly diffuse in all directions after release from RNA polymerase II.
into mRNAs with shorter tails (P. Hilleren and R. Parker, personal communication). How global are the observed phenotypes? We show here that PGK1 mRNA, which does not undergo massive Perhaps the most compelling conclusion from this study is that cleaved and polyadenylated mRNA is retranscriptional induction under the same experimental conditions, is also hyperadenylated in these mutants.
leased poorly from its transcription site when mRNA export is blocked. Our results strongly suggest that most Furthermore, bulk poly(A) tails are lengthened dramatically, indicating a rather general problem with poly(A) tail if not all SSA4 transcripts in the nuclear dot are hyperadenylated. First, oligo(dT)/RNase H-Northern assays length control. Endogenous PGK1 mRNA was recently localized to nuclei by RNA-FISH in the mex67-5 mutant show that all detectable SSA4 transcripts are hyperadenylated in the ⌬RIP1 strain at 42ЊC. Second, SSA4 mRNA under restrictive conditions (Hurt et al., 2000) . Although granular in appearance, the PGK1 mRNA signal did not continues to increase in the nuclear dot after continued incubation (e.g., 60 min) at 42ЊC in a ⌬RIP1 strain. It is appear discrete, as we observe for SSA4 and HSP104 mRNAs, indicating that the PGK1 transcripts might be unlikely that the 3ЈUTR probes are detecting such a prolonged accumulation of nascent transcripts. We more distributed in nuclear space. We have been unable to detect a reproducible PGK1 mRNA signal under our therefore suggest that most if not all sequestered transcripts have undergone correct 3Ј-end cleavage and experimental conditions (data not shown). We therefore performed RNA-FISH on endogenous GAL1 mRNA and polyadenylation. This indicates that even in mammalian systems, mRNA-FISH signals at the site of transcription observed a dot-like signal when transcription was induced by galactose addition. Although this observation might be due to fully processed RNAs. Furthermore, these observations evoke the possibility that a defined shows that nuclear sequestration is not restricted to hsmRNAs, it does not exclude an important role of potent release step exists before a processed mRNA can leave its transcription site. Such a step could reflect a checktranscriptional induction. Clearly, more transcripts will have to be surveyed. point for correct mRNA 3Ј-end formation. The fact that different mRNA export mutants all give Our results strongly suggest that hyperadenylation
